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Abstract 

Carbon monoxide and oxygen ignition 
boundaries were determined in a spark torch 
igniter as a function of propellant inlet 
temperatures. The oxygen temperature was 
varied from ambient to -258 °F, and the carbon 
monoxide temperature was varied from ambient 
to -241 °F. With the oxygen and carbon 
monoxide at -253 °F and -219 °F, respectively, 
they successfully ignited between mixture 
ratios of 2.42 and 3. 10. Analysis of the results 
indicated that the lower ignition boundary was 
more sensitive to oxygen temperature than to 
carbon monoxide temperature. Another series 
of tests was performed in a small simulated 
rocket engine with oxygen at -197 °F and 
carbon monoxide at -193 °F. An 

oxygen/hydrogen flame was used to initiate 
combustion of the oxygen and carbon 
monoxide. Tests performed at the optimum 
operating mixture ratio of 0.55 obtained steady- 
state combustion in every test 

Introduction 

Currently, proposed planetary 
exploration missions must be small, low-cost, 
and have a short development time. Relatively 
high-risk technologies are being accepted if 
they are required to meet these guidelines. For 
a Mars sample return mission, one of those 
higher-risk technologies is the use of return 
propellants produced from indigenous materials 
(ref. 1). 
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In order to reduce the complexity of a 
sample return mission, the currently favored 
scenario consists of a direct landing on Mars, 
and a launch to direct return to Earth. This 
scenario, while having high propulsion 
requirements, eliminates the need for an 
autonomous rendezvous in low Mars orbit to 
transfer the sample to an orbiting Earth return 
vehicle. To reduce the propulsion requirement 
of this scenario, the use of in situ propellants is 
being investigated. The atmosphere of Mars 
consists of 96 percent carbon dioxide, which 
can be processed into oxygen, and either 
carbon monoxide or methane for the fuel. CO 
has a relatively low specific impulse, but has 
the advantage of being comprised entirely of 
indigenous materials. Methane, while having 
better performance, requires the transport from 
Earth of some liquid hydrogen. With in situ 
production, the return propellants could be 
replaced by a lightweight production plant 
which would manufacture the return 
propellants from the Mars atmosphere while the 
sample is being collected. Mission analyses 
indicate that the mass required to be landed on 
the martian surface may be reduced 40 to 60 
percent as compared to a mission where all 
propellants are brought from Earth (refs. 2-4). 

Experimental and theoretical research 
has been performed with the carbon monoxide 
and oxygen propellant combination at the 
subscale level to prepare the technology for use 
in a sample return mission. This research 
included ignition characterization, combustion 
performance, and heat transfer characterization 
(refs. 5-7). However, most of the 
experimental work was performed with 
gaseous propellants at room temperature. 

Previous ignition characterization 
experiments determined the boundaries of 
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ignition as a function of oxygen to fuel mixture 
ratio and oxygen inlet temperature. In the 
experiments, the carbon monoxide was injected 
as a gas, and the oxygen was chilled to near- 
liquid temperatures. These conditions 
approximated those in a pump fed engine, 
where one propellant is used to run the 
turbopumps and therefore enters the engine 
warm. For a pressure fed engine where the 
propellants are stored cryogenically, they will 
most likely both enter the engine cold. 
Therefore, there was a need for experimental 
evaluation of the ignition process with both the 
carbon monoxide and oxygen at near-liquid 
temperatures. 

The results of the previous ignition 
experiments indicated that as the oxygen 
temperature decreased, the minimum mixture 
ratio for ignition increased to well above 
stoichiometric (oxygen-to-fuel ratio of 0.571). 
These results raised the question of whether an 
engine burning oxygen and carbon monoxide 
must operate within the same mixture ratio 
range as the igniter. Such a high engine 
mixture ratio would significantly reduce 
performance and would greatly affect mission 
planning. Therefore, there was a need for a 
demonstration of combustion of cold oxygen 
and carbon monoxide at optimum mixture ratio 
to validate this propellant combination for a 
Mars mission. Theoretical prediction of 
specific impulse indicates that a mixture ratio of 
0.55 provides optimum performance. For this 
demonstration, ignition devices other than an 
oxygen/carbon monoxide spark torch were 
considered. These included an 
oxygen/hydrogen spark torch igniter, 
hypergolics, and laser ignition, which had been 
previously demonstrated with warm oxygen 
and carbon monoxide (ref. 8). The O 2 /H 2 
igniter was used in these tests. Although the 
O 2 /H 2 igniter and hypergolics would require 
some propellants brought from Earth, the 
quantity required for an igniter would be very 
small. 


NASA Lewis Research Center. A general 
description of this facility is given in references 
5 and 9. Components of the facility, hardware, 
and procedure that were unique to these 
experiments are described in this section. 

Test Facility 

For this program, gaseous oxygen, 
hydrogen, and carbon monoxide were used, as 
well as a liquid nitrogen heat exchanger (fig. 
1). Two oxygen lines were used. The primary 
line passed through the liquid nitrogen heat 
exchanger to chill the oxygen to near-liquid 
temperatures. The secondary oxygen line 
bypassed the heat exchanger and connected 
with the primary line downstream. By varying 
the amount of oxygen flow in the two lines, the 
oxygen temperature at the igniter inlet could be 
controlled. Similarly, two lines were used in 
the carbon monoxide system, with one passing 
through the heat exchanger and one bypassing 
it before the two gas streams mixed together. 
In addition, a gaseous hydrogen line tied in to 
the combined carbon monoxide line just 
upstream of the igniter. The hydrogen was 
included to provide the necessary catalyst agent 
to initiate ignition (ref. 5). 



Figure 1 . Flow schematic of test cell 2 1 of the 
Rocket Laboratory, NASA Lewis 
Research Center. 


Test Apparatus and Procedure For all tests, the total flow rate of the 

oxygen and carbon monoxide was held 
constant at 6.35 gm/sec (0.014 lbm/sec). This 
flow provided for a nominal steady-state 


The experimental tests were performed 
in cell 21 of the Rocket Laboratory at the 
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combustion pressure of 690 kPa (100 psia). 
The hydrogen flow rate added to the carbon 
monoxide flow was held constant at the 
minimum controlled capability of the system 
(0.0059 gm/sec; 0.000013 lbm/sec). This 
amount of hydrogen proved sufficient in 
previous experiments to catalyze the ignition. 

Test Hardware 

The hardware was a spark torch igniter 
with a coolant sleeve (fig. 2). The oxygen and 
carbon monoxide were injected in opposing jets 
into a small chamber 1.9 cm (0.75 inch) 
diameter by 1.3 cm (0.50 inches) deep. They 
were lit by a standard spark plug. After 
ignition, the combustion gases passed into a 
0.36 cm diameter by 8.9 cm long tube (0.14 
by 3.5 inch), and then exited to atmosphere. 
To cool this exit tube, gaseous nitrogen flowed 
through a surrounding concentric tube. 

This igniter hardware is the size and 
type that has been used to ignite many 
experimental engines at NASA Lewis with 
thrust levels ranging from 110 N (25 lbf) to 
70,000 N (16,000 lbf). It was therefore 
considered to be of appropriate size for a Mars 
sample return engine of approximately 2200 N 
(500 lbf) thrust. 


Spark Plug Igniter Pressure Coolant 



Note: O 2 and CO opposing inlets (not shown) at 45’ 
to N 2 coolant and pressure tap. 


Figure 2. Spark torch igniter hardware. 

Test Procedure 

To insure a uniform run profile 
throughout the duration of the test program, 


each firing of the igniter was sequenced by a 
programmable line controller (PLC). After the 
desired gas flow rates were set by adjusting the 
pressures upstream of the sonic orifices, the 
PLC was initiated and the flow of fuel and 
oxygen, as well as the ignition spark, were 
automatically sequenced in a pre-programmed 
pattern. The PLC used for these experiments 
had an accuracy of ± 0.020 seconds. 

Because the boiling point of nitrogen is 
slightly lower than the boiling point of oxygen, 
and similar to that of carbon monoxide, the 
oxygen and carbon monoxide in the heat 
exchanger coils condensed between runs. To 
insure a steady-state, one-phase flow of 
propellants, each test was started with a 10 
second pre-flow of oxygen. The hydrogen 
was also started at this time to allow the very 
small flow rate time to reach steady-state. To 
limit the amount of carbon monoxide used and 
vented to atmosphere, the carbon monoxide 
was turned on 8 seconds after the oxygen. Ten 
seconds after the oxygen pre-flow started the 
test (and 2 seconds after the carbon monoxide 
started), the spark was turned on for 1.2 
seconds. The hydrogen was shut down 0.5 
seconds after spark initiation. This allowed the 
hydrogen to catalyze the ignition process, but 
was shut down soon enough to verify that the 
dry carbon monoxide and oxygen reaction was 
self-sustaining after ignition. This sequencing 
is depicted in figure 3. 


ft Oxyg en 

Carbon Monoxide 
^ Hydrogen 

Spark 

-«-l — I — I — I — I — I — I- 

7 8 9 10 11 12 13 

Time (secs) 

Figure 3. Automatic timing sequence of 
propellants and spark. 
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For the tests where some cold carbon 
monoxide was used, the primary CO flow 
valve was opened manually for a few seconds 
before the test sequencing was started. This 
allowed the condensed CO to flow out of the 
heat exchanger coils and also helped to keep the 
lines chilled. 

Design of Experimental Methodology 

There were two controlled variables, or 
factors, in the experiment: inlet temperature of 
oxygen, and inlet temperature of carbon 
monoxide. By varying both of these 
temperatures independently, the result was a 
complete map of the ignition characteristics for 
all inlet conditions and therefore for any engine 
cycle. For both the oxygen and the carbon 
monoxide, three inlet temperatures were 
included in the test matrix. These temperatures 
were called ‘low’, ‘mid’, and ‘high’. The 
‘low’ temperature was obtained by flowing all 
of the gas through the liquid nitrogen heat 
exchanger. The ‘mid’ temperature was 
obtained by flowing half of the gas through the 
heat exchanger and keeping half of the gas at 
ambient temperature. The ‘high’ temperature 
was obtained by keeping all of the gas at 
ambient temperature. The test matrix consisted 
of a complete combination of the two controlled 
factors (i.e. low-low, low-mid, low-high, mid- 
low, etc). 

The response variable was the mixture 
ratio at which ignition occurred. A high-low 
search scheme was utilized to determine the 
response at each combination of inlet 
temperatures. First, a mixture ratio was tested 
where ignition was expected to occur. Then, a 
mixture ratio was tested where ignition was not 
expected to occur. A third mixture ratio 
halfway between the first two was then tested. 
Based on the results of this test (i.e. ignition or 
no ignition), a fourth test was performed at a 
mixture ratio halfway between the closest 
ignition and no ignition conditions. Testing 
continued in this manner until the ignition 
boundary was determined to an acceptable 
accuracy. This process was performed twice at 
some of the inlet conditions to increase 
statistical confidence in the results. 


During the high-low searching at each 
test condition, it was not possible to hold the 
inlet temperatures of oxygen and carbon 
monoxide absolutely constant. This variation 
in temperature was also not consistent for each 
point in the test matrix. For the oxygen, the 
‘low’ temperature was fairly consistent, and 
ranged between -245 °F and -260 °F. At the 
typical pie-spark chamber pressure of 517 kPa 
(75 psia), the saturation temperature of oxygen 
is -263 *F. Therefore, although the oxygen 
was in a vapor state, it was very near liquid 
conditions. The ‘high’ oxygen temperature 
depended on the ambient conditions, and 
ranged from 41 °F to 75 °F. The ‘mid’ 
temperature was the most difficult to control, 
and final temperatures ranged from -1°F to 
-173 "F. 

For the carbon monoxide, the ‘low’ 
temperature was not as consistent as for the 
oxygen, most likely due to the shorter pre-flow 
times. It ranged from -207 *F to -241 °F. At a 
chamber pressure of 517 kPa (75 psia), the 
saturation temperature of carbon monoxide is 
approximately -282 °F. Therefore, the coldest 
carbon monoxide temperatures obtained were 
still 40 "F warmer than liquid conditions. The 
‘high’ carbon monoxide temperature was 
similar to that of oxygen, ranging from 37 *F to 
74 *F. The ‘mid’ temperature was again the 
most inconsistent, and ranged from -8 ’F to 
-163 *F. 

Res ult s andPiscussion 

As in previous experiments (ref. 5), it 
was apparent that there was not a sharp jump 
from no-ignition to ignition. Instead, there was 
a gradual transition as mixture ratio was 
increased. Five stages of the response variable 
were defined as below. 

No Ignition. No reaction was identified 
by means of sound, visible plume, or 
pressure rise in the ignition chamber. 

Weak Reaction. This category was 
characterized by a small, unsteady, 
pressure rise, some combustion noise, 
and a faint, sporadic visible plume. 
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Half Ignition. Plume was visible 
during test. Significant, continual 
pressure rise. This category was 
characterized by reactions only during 
spark activity. This indicated that the 
ignition process was initiated but was 
not able to sustain without an external 
energy source. 

Early Shutdown. Plume was visible 
during test. Pressure rise approached 
steady-state. This category was 
characterized by reactions that 
continued after the spark shutdown, but 
ended before the oxygen and fuel flows 
were shut off. 

Full Ignition. Successful ignition 
sustained until the oxygen and fuel 
flows were stopped. This category was 
characterized by a strong, steady visible 
plume, and the attainment of a steady- 
state pressure. 

Determination of Ignition Boundary 


The mixture ratios reported as the 
ignition boundary are the mixture ratios above 



which full ignition always occurred (at the 
lower ignition boundary), or below which full 
ignition always occurred (at the upper ignition 
boundary). Figure 4 is an example of the data 
that was obtained for each combination of the 
propellants inlet temperatures. The figure 
shows the results of tests performed with both 
the oxygen and the carbon monoxide at the 
Tow’ temperature condition. Only test points 
where both the oxygen and carbon monoxide 
were within 10 °F of a mean value were 
considered in the determination of ignition 
boundary. Therefore, the two test points at 
carbon monoxide temperatures of -138 °F and 
-178 °F were excluded. Also excluded was the 
test point at an oxygen temperature of -139 °F, 
as this was more than 10 degrees warmer than 
the mean oxygen temperature of -251 "F. 

From the remaining points within 10 
degrees of the mean temperatures of -253 °F 
(oxygen) and -219 °F (carbon monoxide), the 
last test point at which ignition occurred was 
designated as the boundary. From this test 
series, the lower ignition boundary was 
determined to be at a mixture ratio of 2.423, 
and the upper boundary at a mixture ratio of 
3.104. Ignition boundaries from each test 
series were determined in a similar manner. 
Table I lists the results of the tests. 

A statistical computer program was 
used to perform a multiple regression on the 
results (ref. 10). This analysis produced a 
response surface model for the lower and upper 
boundaries. The terms considered for each 
model were oxygen temperature, oxygen 
temperature squared, carbon monoxide 
temperature, carbon monoxide temperature 
squared, and oxygen temperature times carbon 
monoxide temperature. Figure 5a shows the 
experimental test results, and figure 5b shows 
the model developed for the lower mixture ratio 
boundary. A natural log transformation of the 
response (mixture ratio) was used in the 
analysis to develop a more accurate model of 
the experimental data. The model for the lower 
boundary is: 

In (0/F lower ) = - 0.414029 - 0.0036789 * T ox 
+ 0.00062535 * T co + 0.0000683 * T ox * Tco 
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Table L Results of Experimental Ignition 
Tests. 


| Lower Boundary 

Upper Boundary | 

Ox. 

CF) 

33 

O/F 

Ox. 

(*F) 

CO 

CF) 

O/F 

-253 

-219 

2.423 

-253 

-219 

3.104 

-251 

-138 

2.038 

-260 

2.8 

2.774 

-253 

-51 

1.363 

-257 

61 

2.347 

-258 

-8 

2.084 

-93 

-163 

2.579 

-247 

44 

1.291 

-51 

-162 

2.792 

-173 

63 

1.289 

-173 

63 

1.985 

o 

i 

37 

0.750 

-50 

37 

1.948 



0.729 

51 

-214 

1.700 



0.672 

75 

74 

1.444 

1 1 

-52 

0.639 




1 41 

-55 

0.518 




1 75 

74 

0.500 





The analysis determined that both the 
oxygen and carbon monoxide temperature, as 
well as the interaction between the two, 
affected the boundary. However, it is clear 
from the equation and the figure that the 
boundary was most affected by changes in 
oxygen temperature. 

Figure 6 shows the experimental test 
results and analytical model for the upper 
mixture ratio boundary. The model for the 
upper boundary is: 

0/F np per = 2.049205 - 0.00285583 * T ox - 
0.00459746 * T co - 0.00002379 * T co 2 + 
0.00000854 * T ox * T co 

In this case, the model also includes a 
term for carbon monoxide temperature squared. 
It can be seen from the equation and the figure 
that the upper ignition boundary was equally 
affected by oxygen temperature and carbon 
monoxide temperature, and was also highly 




(b). - Response surface model. 


Figure 5. Lower ignition boundary for carbon 
monoxide and oxygen. 

dependent on carbon monoxide temperature 
squared. 

Table II shows the ignition boundaries 
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calculated from the analytical models at the 
experimental temperature conditions, and figure 
7 combines the models for the lower and upper 


Table H. Ignition Boundaries from Analytical 
ModeL 


| Lower Boundary 

Upper Boundary | 

Ox. 

CF) 

CO 

CF) 

O/F 

Ox. 

CF) 

CO 

CF) 

O/F 

-253 

-219 

2.13 

-253 

-219 

2.73 

-251 

-138 

1.93 

-260 

2.8 

1.16 

-253 

-51 

1.77 

-257 

61 

0.798 

-258 

-8 

1.72 

-93 

-163 

2.99 

-247 

44 

1.57 

-51 

-162 

2.95 

-173 

63 

1.21 

-173 

63 

1.45 

-50 

37 

0.803 

-50 

37 

1.95 

-24 

-207 

0.656 

51 

-214 

2.73 

-9 

-241 

0.596 

75 

74 

1.41 

-1 

-52 

0.642 


j 


■a 

-55 

0.541 




K3 

74 

0.546 





boundaries onto one graph. The gray shaded 
area is the lower boundary, and the results at 
the two coldest temperatures are shown in solid 
white. The upper boundary surface is clear so 
that the entire mixture ratio range can be seen. 
At any temperature and mixture ratio 
combination within the region in the figure, 
oxygen and carbon monoxide should ignite and 
sustain combustion in the hardware tested. 

Experimental data from previous tests 
(ref. 5) were also compared to the model 
generated from these tests. For this data, the 
model conservatively predicts the ignition 
range, except for one point where oxygen 
temperature was -170 °F (carbon monoxide 
temperature was 54 *F for all tests). At this 
point, the model predicts a lower ignition 



(a). - Experimental results. 



(b). - Response surface model. 

Figure 6. Upper ignition boundary for carbon 
monoxide and oxygen. 


boundary of 1.67, while previously ignition 
was not achieved until a mixture ratio of 2.5. 
In the current tests, however, with oxygen 
temperature at -247 *F and carbon monoxide 
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Upper Ignition Boundary Upper O/F Ignition Boundary 












Figure 7. Analytical model of ignition range of 
carbon monoxide and oxygen based 
on experimental results. 


temperature at 44 °F, ignition was achieved at 
mixture ratios as low as 1.29. This 
discrepancy is an indication that repeatability 
may be an issue at some temperature 
conditions. 

The analytical model would be most 
useful if ignition was guaranteed at any point 
within the indicated range. However, the 
model is only a representation of the mean of 
the data. When comparing the analytical model 
to the experimental data, it is clear that at some 
conditions mixture ratios calculated from the 
model lie outside of the range determined 
experimentally. In order to determine a model 
that could be used to select a condition more 
certain to result in ignition, 95 percent 
confidence intervals were calculated for each 
boundary. In this manner, the lower ignition 
boundary was increased until it represented a 
surface above which ignition was guaranteed to 
occur 95 percent of the time. Similarly, the 
upper boundary was decreased until it 
represented a surface below which ignition was 
guaranteed to occur 95 percent of the time. If 
at any condition the lower boundary became 
higher than the upper boundary, then ignition 
was considered suspect. Figure 8a shows the 



(a). - Ignition range at 90.25% confidence. 



(b). - Original range compared to 90% 
confidence range. 


Figure 8. Analytical models of ignition range 
of carbon monoxide and oxygen. 

ignition range that provides 90.25 percent 
confidence of ignition (.95 confidence on lower 
boundary times .95 confidence on upper 
boundary). Figure 8b compares the new 
ignition range to the original. 
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It is clear from the figure that even with 
a relatively low confidence of 90 percent, the 
range of ignition conditions is small. While it 
is possible that additional experiments would 
allow a greater confidence in the model and 
therefore a larger ignition range at 90 percent 
confidence, it is uncertain whether the ignition 
of carbon monoxide and oxygen in this 
hardware, at any mixture ratio, can be proven 
at the high level of confidence required for 
autonomous planetary missions. The results of 
these tests and analysis indicate that an 
oxygen/carbon monoxide spark torch igniter 
may not be the best selection for a Mars 
mission. 

Simulated Small Rocket Engine Tests 

The results of the ignition tests indicate 
that the ignition range with cold propellants is a 
fairly narrow range high above the preferred 
engine operating conditions. If an engine on 
Mars was required to operate at mixture ratios 
so far from optimum (0.55), its specific 
impulse would be reduced by 25 percent, most 
likely eliminating the oxygen and carbon 
monoxide propellant combination from 
consideration for a Mars mission. 

Therefore, to investigate whether the 
ignition results translated into engine operation 
constraints, the igniter hardware was modified 
to simulate a small engine. For this set of tests, 
the cold oxygen and cold carbon monoxide 
were injected into the igniter chamber as 
before. However, a second igniter chamber, 
without the long exit tube, was inserted before 
the O 2 /CO chamber (figure 9). The spark plug 
was inserted in this first chamber, and a small 
flow rate of gaseous oxygen and hydrogen (4.0 
gm/sec (0.0089 lbm/sec) and 0.59 gm/sec 
(0.0013 lbm/sec), respectively) was injected 
and ignited. The hot gases from this O 2 /H 2 
combustion flowed into the second chamber 
along with the cold oxygen and carbon 
monoxide. As with the previous ignition 
experiments where the hydrogen was turned 
off once the oxygen and carbon monoxide 
combustion was initiated, in these tests the 
oxygen/hydrogen combustion was turned off 
once it performed its job of lighting the oxygen 


and carbon monoxide in the second chamber. 
With this sequence, it was possible to 
determine if oxygen and carbon monoxide 
could be ignited with a standard 
oxygen/hydrogen igniter, and also if the 
oxygen and carbon monoxide combustion 
would be self-sustaining after the ignition 
source was removed. 

No hydrogen was added to the carbon 
monoxide in these tests. The only hydrogen 
used was in the first chamber. Based on 
current engines that use spark igniters, total 
flow time of igniter gases is assumed to be 
approximately 13 seconds. This includes 10 
seconds of pre-flow and 3 seconds to allow the 
engine to obtain full thrust. Therefore, an 
oxygen/hydrogen spark torch igniter such as 
the one used in these tests would require that 
only approximately 15.4 gm (0.034 lbm) of 
gaseous hydrogen be brought from Earth. 



Spark Added Main Igniter Coolant 

Plug Igniter Body for Meeve 

End Cap Body for OQJCO 
02/H2 

Figure 9. Simulated small rocket engine 
hardware. 

Eleven tests were run in this hardware 
configuration, at mixture ratios of 2.4 (lower 
ignition boundary with cold propellants from 
ignition tests), 1.5, and 0.52. All 11 tests 
showed successful ignition and sustained 
combustion of the oxygen and carbon 
monoxide in the second chamber. After the 
pilot oxygen and hydrogen were shut off, the 
oxygen and carbon monoxide were allowed to 
bum for an additional 1.5 to 2.5 seconds to 
verify that steady state combustion had been 
achieved. Eight of the 1 1 tests were performed 
at a target mixture ratio of 0.55; actual mixture 
ratio obtained was approximately 0.52. 
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Oxygen temperatures ranged between -69 and 
-238 *F (-197 °F mean) and carbon monoxide 
temperatures ranged between -152 and -229 *F 
(-193 ’F mean). The consistent ignition and 
combustion in this test series indicates that cold 
oxygen and carbon monoxide can be 
successfully combusted in a rocket engine at 
mixture ratios at or near the optimum value of 

0.55. 

Conclusions 

The mixture ratio boundaries for 
oxygen and carbon monoxide were determined 
as a function of propellant temperature in a 
spark torch igniter that could be used in a 2200 
N (500 lbf) Mars sample return engine. The 
ignition range was between 0.50 and 1.44 with 
both propellants at room temperature; it was 
between 2.4 and 3.1 with both propellants 
chilled to near-liquid temperatures. Statistical 
analysis of the results showed that the lower 
mixture ratio boundary was more strongly 
dependent on the oxygen temperature than on 
the carbon monoxide temperature or the 
interaction between the oxygen and the carbon 
monoxide temperatures. The upper mixture 
ratio boundary was dependent on both oxygen 
and carbon monoxide temperatures, with a 
significant quadratic term for carbon monoxide 
temperature. 

The results of the spark torch igniter 
tests and analytical models indicate that using 
oxygen and carbon monoxide as its own 
ignition source may not be the best design for a 
remote engine operating on Mars. Another 
common ignition source, however, should be 
able to ignite the main engine at the optimum 
mixture ratio of 0.55. Tests were performed in 
a simulated small rocket engine, with 
oxygen/hydrogen combustion gases used as the 
ignition source for the oxygen and carbon 
monoxide. In these experiments, the oxygen 
and carbon monoxide was successfully ignited 
in 8 of 8 tests at a mixture ratio of 0.52. In 
addition, the oxygen and carbon monoxide 
maintained steady combustion after the oxygen 
and hydrogen ignition source was removed. 
This steady-state combustion lasted until the 
oxygen and carbon monoxide were shut off. 


which varied from 1.5 to 2.5 seconds. This 
verifies that the oxygen and carbon monoxide 
rocket engine should continue to be included in 
mission plans for return propulsion from Mars. 
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